Magnetic transition strengths in 134 Ba are discussed within the framework of the nucleon-pair shell model ͑NPSM͒ truncated to the SD subspace. The S and D pairs are determined, respectively, by a variational method and a proton-neutron TDA approximation. The M 1 and M 3 transition strengths are found to be consistent with results from the proton-neutron interacting boson model calculations. The results confirm that the collective magnetic properties of 134 Ba are primarily due to the orbital motion of nucleons. It is known that magnetic excitations, which occur between mixed-symmetry states ͑MSSs͒ and symmetric ones, signal the existence of MSSs. This has been discussed extensively within the framework of the proton-neutron interacting boson model ͑IBM-2͒ ͓1͔ and the fermion dynamical symmetry model ͑FDSM͒ ͓2͔, as well as other theories ͓3͔. The best known MSS is the 1 ϩ state that was first discovered in electron scattering experiments in well-deformed nuclei ͓4͔. Recently, mixed-symmetry 1 ϩ states have also been found in O͑6͒-like nucleus 196 Pt ͓5,6͔ and 134 Ba ͓7͔, a transitional nucleus between O͑6͒ and U͑5͒ ͓8͔. In addition to the mixed-symmetry 1 ϩ states, some higher-lying 2 ϩ states have also been identified as MSSs ͓7,9,10͔.
It is known that magnetic excitations, which occur between mixed-symmetry states ͑MSSs͒ and symmetric ones, signal the existence of MSSs. This has been discussed extensively within the framework of the proton-neutron interacting boson model ͑IBM-2͒ ͓1͔ and the fermion dynamical symmetry model ͑FDSM͒ ͓2͔, as well as other theories ͓3͔. The best known MSS is the 1 ϩ state that was first discovered in electron scattering experiments in well-deformed nuclei ͓4͔. Recently, mixed-symmetry 1 ϩ states have also been found in O͑6͒-like nucleus 196 Pt ͓5,6͔ and 134 Ba ͓7͔, a transitional nucleus between O͑6͒ and U͑5͒ ͓8͔. In addition to the mixed-symmetry 1 ϩ states, some higher-lying 2 ϩ states have also been identified as MSSs ͓7,9,10͔.
Since data on magnetic dipole moments and transitions are now readily available, every model should be tested as to its ability to make reasonable M 1 predictions. This is especially so for models that champion collective modes since a proper description of the magnetic dipole properties of nuclei that display collective features has long been a challenging problem.
In our previous paper ͓11͔, the nucleon-pair shell model ͑NPSM͒ was proposed for a description of nuclear collective motion. This model uses ''realistic'' collective nucleon pairs with various angular momenta as the basic building blocks for wave functions. From Refs. ͓12-15͔ we know that although no dynamical symmetry is imposed in the NPSM, the model can reproduce the main results of two theories: IBM, which imposes a boson assumption, and FDSM, which is fermion-based.
In this report we study M 1 as well as M 3 excitations within the framework of the NPSM truncated to the SD subspace.
134
Ba is taken as an example since its M 1 transitions are known experimentally. In order to account for as many experimental results as possible with as few parameters as possible, and at the same time avoid excessive computational requirements, we choose a rather simple Hamiltonian consisting of a surface delta interaction ͑SDI͒ ͓16͔ between like nucleons and a quadrupole-quadrupole interaction between the protons () and neutrons (),
where ⑀ a and n a are the nucleon single-particle energy and the number operator, respectively. The E2 transition operator is
where e and e are effective charges of proton and neutron hole, respectively. The M 1 transition operator is
and the M 3 transition operator is
where g l, eff and g s, eff are the orbital and spin effective gyromagnetic ratios.
The building blocks of the NPSM in the SD subspace are ''realistic'' collective pairs 
where y(cdr) are structure coefficients for the pair A r † . Many-body effects are included in the S pair via a variational technique, and in the D pair through a proton-neutron TammDancoff approximation. The single-particle energies ͑SP͒, To investigate the influence of the SP energy splitting on pair structure, we list the distribution coefficients of the S pair and D pair for neutron-hole in Table II , from which one can see that both the S pair and D pair favor the lowest SP levels, i.e., the lower the energy level, the larger the distribution coefficient.
To show the validity of the NPSM truncated to the SD subspace, calculated results of the spectra as well as B(E2) ratios of 134 Ba with the effective charges fixed at 1.9e (1.8e) for proton ͑neutron-hole͒ are shown along with the corresponding experimental values in Fig. 1 Ba ͓7͔. This transition was explained as a F-spin E2 transition in IBM-2 ͓5,6͔. This interpretation is based on the M 1 selection rules in the O͑6͒ limit. However, there is no symmetry imposed in the NPSM and therefore the strict M 1 selection rule is not valid in our model. It is thus of crucial importance to study whether a breaking of the O͑6͒ dynamical symmetry may lead to a M 1 transition between the 1 ϩ and the 2 1 ϩ states that is strong enough to account for the experimentally observed strengths. Using the parameters obtained by Puddu, Scholten, and Otsuka ͓23͔ in an IBM-2 calculation, the calculated B(M 1;1 1 ϩ →2 1 ϩ ) and is about 0.0035 N 2 , while the experimentally observed strength is about 0.1 N 2 . This calculated value is too small to explain the observed 1 ϩ →2 1 ϩ decay strength as a pure M 1 transition ͓7͔. Our NPSM calculation, as shown in Table III , yields B(M 1;1 1 ϩ →2 1 ϩ ) is 0.0491 N 2 . Though still small, it is comparable with the experimental value.
The M 3 transitions between 3 ϩ and 0 1 ϩ states were also studied. The results are consistent with the prediction of the IBM-2 calculation of Ref. ͓18͔, namely, the M 3 transition strength is split between the first two 3 ϩ states with the B(M 3;3 1 ϩ →0 1 ϩ ) equal to 6.1795 N 2 fm 4 and the B(M 3;3 2 ϩ →0 1 ϩ ) equal to 11.5374. The theoretical results on the spin contribution to the magnetic transition yield conflicting results. In Ref. ͓24͔ it is claimed that within an IBM-2 framework spin contributions to matrix elements of collective states approximately cancel, so the collective magnetic properties are due to the orbital motion of nucleons only. However, the spin contribution was Ba have been investigated within the framework of the NPSM truncated to the SD subspace. The SD pairs were determined, respectively, by variational and proton-neutron TDA methods. The results show that the M 1 strength distribution can be reproduced rather well. And in agreement with IBM-2 calculations, the M 3 transitions were found to be split between the first two 3 ϩ states. Concerning the relative contribution of the spin and the orbital parts to the M 1 and M 3 strengths, our results confirm earlier work suggesting that the collective magnetic properties are due primarily to the orbital motion of nucleons.
